Background: Near-threshold α-clustered states in light nuclei have been postulated to have a structure consisting of a diffuse gas of α-particles which condense into the 0s orbital. Experimental evidence for such a dramatic phase change in the structure of the nucleus has not yet been observed.
I. INTRODUCTION
The role of the α-particle in the structure of light nuclei has been well explored for over 80 years. Observation of the binding energy per nucleon shows that αconjugate nuclei are much more strongly bound and can be described by a model of a tightly packed geometry of α-particles [1] . Since this initial investigation, the importance of the α-particle in clustering, by virtue of its inert nature and own high binding energy, has been demonstrated experimentally and theoretically. The lightest (non-trivial) α-conjugate system, 8 Be, has been shown to have a structure comprising of a dumbbell configuration of α-particles [2] with a large α-α separation distance of 4.4 fm [3] . This dilute α-particle behavior is * Current address: School of Physics & Astronomy and Cyclotron Institute, Texas A&M University, College Station, 77843, TX, USA; jackbishop@tamu.edu then extended to the Hoyle state in carbon-12 ( 12 C(0 + 2 )), a resonance above the 3α threshold of astrophysical importance, which has been the subject of extensive studies [4] [5] [6] [7] [8] [9] . Recent experimental efforts have provided evidence for the structure of 12 C as an equilateral triangle formation of 3 α-particles [10] but a 8 Be+α configuration is favored by some theoretical works [11, 12] .
This idea of describing the structure of α-conjugate nuclei in terms of a dilute arrangement of α-particles has been accompanied by a study of the nuclear equation of state in infinite systems. It was demonstrated [13] that a nuclear liquid can undergo a phase change associated with the scattering length of the α-particle when the density of a nuclear system ρ, drops below a specific value relative to the nuclear saturation density ρ 0 , the current estimation is ρ0 3 to ρ0 5 [13] [14] [15] [16] . Below this value, the system is no longer described by the fermionic interactions of the nucleons but the dominant degrees of freedom are those of the α-particles. Their bosonic nature allows for a macroscopic occupation of the ground-state. This system is analogous to a Bose-Einstein Condensate which has been well studied in atomic systems [17, 18] . This work has been furthered in the nuclear realm by several experiments involving high-multiplicity particle decays [19] [20] [21] and experiments to observe an α-gas via "Coulomb explosion" of 40 Ca appear possible from a theoretical perspective [22] . Such an exotic state of matter is therefore postulated to describe the well-studied light N-α clustered states ( 8 Be(g.s) and 12 C(0 + 2 )) and is known as an α-condensate. This presents a unique probe into understanding the nuclear force and generates two questions. Firstly, how can such an unusual state of matter be detected? Secondly, can these N-α states behave as an α-condensate?
II. SIGNATURES OF α-CONDENSATION
To understand the signatures associated with condensation, it is important to first comprehend the differences in the properties of an α-condensate and a clustered state. When discussing α-condensation, the system being described is one whereby the bosonic degrees of freedom are dominant [23] . An additional degree of selectivity, necessary to describe the phase change of the system as mentioned above, is the need for a more dilute structure. In this case, the individual α-particles have a large average separation where the underlying fermionic structure of the α-particles is not resolved and the system behaves like an α-gas. When choosing to describe the observed N-α states, a large separation is required and therefore α-gas is chosen as an apt description for the resonances of interest.
FIG. 1. Schematic representation of the effect a condensate state has on modifying the Coulomb barrier for α-gas emission and therefore the yield of the decay products at low kinetic energies compared to a clustered state. The nearthreshold resonance has a width which is spread around the Coulomb barrier. The observed yield of such a decay through the Coulomb barrier is shown to the left for the two situations of a clustered and a condensate state. The shift in the energy of the decaying products between the two different types of state can be a signature of α-condensation.
Such a change in the size of a nuclear system can have a profound effect on the decay properties. Previous in-vestigations into this phenomena [24] have demonstrated α-gas states will exhibit an increased preference for emission of α-gas states (α, 8 Be(g.s), and 12 C(0 + 2 )) as a consequence of the modification to the Coulomb barrier for these light clusters. This effect is demonstrated in Fig. 1 where a more dilute nuclear structure modifies the penetrability factor. Such an enhancement in the yield of these states is therefore indicative of a more dilute system congruent with an α-gas structure. This can be compared to predictions from statistical decay models. The reduction of the barrier in proximity to the state also produces decay products with lower kinetic energies than those expected from a geometric cluster configuration [24] . Finally, the direct observation of states in the α-conjugate nuclei in proximity to the N-α threshold and their decay modes can also be compared to theoretical predictions. Due to the nature of the α-gas structure, the non α-gas decay modes should be extremely inhibited and as such, their reduced widths should be extremely small due to the small overlap in the wavefunction.
III. EXPERIMENTAL INVESTIGATION
To examine the signatures mentioned in Section II, an experiment was performed at Laboratori Nazionali del Sud, Catania, Italy. An 16 O beam at lab energies of 160, 280, and 400 MeV was provided by the K800 cyclotron with an average beam current of 100 pA. This beam was then impinged on a natural carbon target of thickness 58 µg/cm 2 for the 280 and 400 MeV beam energies and 92 µg/cm 2 for the 160 MeV beam energy. A gold target of thickness 174 µg/cm 2 was also used for calibration purposes to provide elastic scattering events. The 12 C( 16 O, 28 Si ) reaction was then investigated. To measure the reaction products, two detector arrays were combined to provide a large solid angle coverage, high granularity system with good particle identification (PID) and energy range. These two arrays used were the CHIMERA [25] and FARCOS [26, 27] detector systems, which combined 1192 Si-CsI(Tl) telescopes with 4 DSSD-DSSD-CsI(Tl) telescopes placed at forward angles. The combined system provided an excellent combination of high angular resolution at small angles and a high detector coverage. An overall solid angle coverage of 28% (of the full 4π) was achieved.
A. CHIMERA
The CHIMERA (Charged Heavy Ion Mass and Energy Resolving Array) detector [25] is comprised of two sections, the first being the forward rings. This section consists of 18 rings (i.e. full annular azimuthal coverage) of detectors covering lab scattering angles from 1 • → 30 • at varying distances with the smallest angles the furthest away. The second section is the backwards ball component which has rings covering from 30 • → 176 • at a constant distance from the target of 40 cm. The rings consist of a series of individual telescopes which allow for high dynamic-energy range PID and momentum measurements. A single telescope is made from two detectors, the first is a 300 µm (nominal thickness) n-type planar Si detector (25 cm 2 ) behind which is a CsI(Tl) scintillator read out via a silicon photodiode. Both of these detectors in the telescope utilize a dual-gain setup which allows for a high energy-range while avoiding ADC (Analogue-to-Digital Converter) discretization effects. The silicon detectors were calibrated using a combination of elastic scattering data from the beam impinging on a gold target, a triple-alpha calibration source ( 239 Pu, 241 Am, and 244 Cm), a pulser calibration and time-of-flight (TOF) information. A timing signal was also taken from the silicon detectors in reference to the cyclotron radiofrequency signal. This energy and timing information allowed for particle identification across a wide energy range. For particles which have sufficient energy to penetrate the 300 µm nominal thickness of silicon, the energy deposited in the silicon (∆E) was plotted against that left in the scintillator (E). This then allowed for PID via the observation of different loci according to the expected energy loss δE, through a small distance δx, given by the Bethe-Bloch formula δE δx ∝ mZ 2 /E [28] . This is the ∆E-E PID method. These loci are shown in Fig. 2 . For those particles where the energy was insufficient to be identified this way (E 24 MeV for an α-particle traversing 300 µm of silicon), the timing signal t, was used in addition to the energy deposited in the silicon E, to identify the mass of the particle using the time-of-flight particle identification -TOF PID. To do this, the interaction time t 0 , was calculated assuming the hit corresponded to an α-particle (m = 4) by:
for a detector of distance d from the target. The result from this TOF PID method is shown in Fig. 3 to identify α-particles. Those events which lay outside of the gate shown undergo the same procedure assuming m = 6, 7, 12, and 16. The timing and energy resolution were insufficient to differentiate other mass nuclei. These can however still be identified using the ∆E-E method.
To determine the energy of the particle where ∆E-E PID was possible, this value was calculated via the signal in the silicon stage due to the non-linear response of the CsI(Tl) crystal as well as its mass and charge signal dependence [29] . This gives an energy resolution of approximately 400 keV for a 30 MeV α-particle increasingly approximately linearly to 1000 keV for a 60 MeV α-particle. The two peaks (with the second peak arising from events where the original beam pulse was misidentified at ∆t = 62.5 ns) are labeled with a red arrow and correspond to correct identification of α-particles whereas those outside the pair of dashed magenta lines are not classified as such and other masses are tested.
B. FARCOS
The FARCOS (Femtoscope ARray for COrrelation and Spectroscopy) detector [26] is a high granularity, high resolution detector system mainly designed for heavy-ion collisions and studies of light-clustering. The FARCOS system comprises of three detector stages, the first being a nominal 300 µm DSSD (double-sided silicon strip detector) with 32 strips in both the vertical and horizontal direction. The second stage is a thicker nominal 1500 µm DSSD of the same strip number. Behind this is a set of four 6 cm-thick CsI(Tl) crystals with a Si PIN diode read-out arranged in a 2 × 2 grid. The overall system is 64 × 64 mm in extent giving an angular resolution of around 0.1 • for a single strip at a distance of 1 m. Timing information was not available from these detectors therefore particle identification in the FARCOS detector relied solely on the ∆E-E method from the energy deposited in the 300 and 1500 µm silicon detectors as discussed above for CHIMERA.
The presence of the FARCOS detectors provided excellent angular and energy resolution (δθ ≈ 0.1 • , δE/E < 1% at 5.5 MeV) at low angles (2 • → 8 • ) to study the different reaction mechanisms, which will be covered in Section V A.
IV. THEORETICAL MODELS OF EXPECTED REACTION MECHANISMS
In order to demonstrate the observed yields in the experiment performed were congruent with an α-gas state, theoretical input was needed to provide a benchmark. To understand the reaction, the sequential decay mechanism, multi-particle break-up and the 7-α decay through predicted α-gas states were modeled to compare to the experimental data.
A. Sequential decay
To model the sequential decay mechanism, an Extended Hauser-Feshbach (EHF) code was used [30] to model the p, n, α, and γ decay from the compound system following fission. The compound nucleus is populated with a range of angular momenta values as given by the input channel's masses and energy. In this code, the fission yields are calculated from the density of states at the scission point then sequential emission is modeled until all decay paths are exhausted.
A calculation was performed for each of the three beam energies and provided a number of observables. The first of these, the final yields for different nuclei are summarized in Table I where the dominance of the α-conjugate nuclei can clearly be seen for the lowest beam energy of 160 MeV. At higher beam energies, the non α-conjugate nuclei become more readily populated as their larger Qvalues are less inhibited by virtue of the increased excitation energy in the compound nucleus.
An important prediction to extract from the calculation is the expected α-particle multiplicity. As discussed in Section II, from an α-gas structure, the modification of the Coulomb barrier would create a higher multiplicity of α-particles in a decay than normally expected. The EHF code models sequential α-decay by summing the total cross section for n sequential α-decays for different nuclei following fission, hence the expected multiplicity from the sequential decay model can be extracted. Decay chains where n sequential decays were interspersed with a proton or neutron decay were also examined but shown to have a negligible contribution to the total cross section. These values can be seen in Fig. 4 where the behavior for different beam energies can be observed to vary significantly. As the excitation energy in the compound nucleus increases because of a higher beam energy, the cross section for high multiplicity decays can be seen to dramatically decrease. Examining the dynamics of the sequential decay demonstrated this reduction is due to the decreased preference for α-decay as the effect of the Q-value for each decay stage becomes less important. As such, the system becomes to more equally prefer proton, neutron and α-decay as the beam energy increases. Consequently, the largest multiplicity one might expect at a beam energy of 400 MeV is 5. In comparison, at the lowest beam energy of 160 MeV, the smaller amount of energy in the system means that when a nucleus still has sufficient energy to decay, the preferred path is that of α-decay. This results in a still sizeable cross section for multiplicity 7 decays. It should also be noted that the cross section for multiplicity 6 events is < 0.1 mb. This is a consequence of the need to break apart an α-particle to have a final state which is comprised of 6 α-particles and d+d or 3 He+n etc. Finally, the distribution of α-particle energies was also extracted according to the initial population of different nuclei. This can be observed in Fig. 5 . The figure shows that when populating 24 Mg, the kinetic energy distribution is a smooth continuum whereas when lighter α-conjugate nuclei are populated (e.g. 16 O), peaks can be seen which correspond to the population of discrete resonances which are included automatically in the code. This demonstrates that discrete levels in nuclei heavier than 16 O are not expected to be strongly populated above the strength of the continuum. The behavior with increasing beam energy also demonstrates that the contin- uum becomes increasingly dominant as the magnitudes of the discrete peaks become negligible in comparison to the smooth statistical decay contribution. In the experimental data, the larger beam energies should therefore correspondingly be almost entirely dominated by uncorrelated α-particles.
B. Multi-particle break-up
To model the dissociation of the compound nucleus into a large number of particles, the Fermi break-up model [31] was also employed. This calculation is driven by modeling the decay according to Fermi's golden rule [32] :
with |A if | 2 corresponding to the transition matrix element between the initial state i and the final state f . The important factor in the Fermi break-up calculations originates from the ω f term which describes the density of states. The phase space available for a decay of the system of mass number A into n fragments is given by [33] :
with s b being the spin of particle b and n j is the number of particles of type j. There is a very strong dependence therefore on n, particularly in the term which describes the partition of the phase space of the decay. Additionally, the energy available in the decay also provides a very large density of states for high n decays. For a break-up of a system into 7-α, one generates an 8 th order power dependence on the kinematically available energy. This is usually offset by a correspondingly smaller energy available for higher multiplicity decays. In our case, for a decay to provide 1 α-particle, 10.0 MeV is needed to break-up the system whereas for 7-α particles one requires 38.5 MeV. Therefore, for a state with an excitation energy of ∼ 40 MeV, the small available energy is therefore prohibitive to the 7-α break-up and preferential towards a smaller n break-up.
To investigate the dynamics of this break-up mode, the phase space for the dissociation into different α-conjugate nuclei was investigated, both in their ground state and for the predicted α-gas states above the N-α threshold. The α-gas states in 8 Be and 12 C have been given energies of 0.0 and 7.65 respectively. These reaction modes are summarized in Table II . Due to the experiment being a high excitation energy compound nucleus reaction, there is a large amount of energy present which means the system prefers a higher n body break-up. To demonstrate this, the sum of the binary fission modes to the ground state (i.e. p+ 27 Al, 11 C+ 17 O etc.) was compared to the sum of those modes in Table II . These binary fission modes were demonstrated to only constitute 9.6%, 0.2% and 0.02% for the 160, 280, and 400 MeV beam energies respectively. For the lowest beam energy, the binary fission can be observed to be important however for the higher beam energies, the majority of the phase space is associated with n > 2 decays, a fact which will be important later. This high preference for larger n particle decay can also be seen in Fig. 6 where the phase space against the number of break-up particles is shown for the three beam energies. The largest phase space is associated with n = 6 for the 280 and 400 MeV beam energy but a smaller n = 4 is preferred at the lowest beam energy of 160 MeV.
An underlying assumption of the α-condensate wave function is that the dissociation of an α-gas into a set of sub-units which are also α-gas states has the same transition matrix [24] . This can therefore be applied to the Fermi golden rule to compare the expected strength of the different break-up paths with a final state comprising of 7 α-particles, i.e. those where the sub-units are expected to be α-gas states. This prediction can then be compared to the experimental data as a probe of the α-condensate. In order to accurately compare the predictions from the Fermi break-up model to those from the experimental data, detector effects and the efficiency of these different channels needed to be well understood to make a meaningful comparison on the efficiencycorrected data. For this purpose, a Monte Carlo simulation was performed to bridge the connection between the predictions of the EHF and the Fermi break-up models to the data.
C. Monte Carlo simulations
As discussed above, the detector effects (resolution, detector coverage and particle pileup) play an important part in the comparison between experimental and theoretical data. To model the particle break-up, the RESOLUTION8.1 code [34, 35] was used which models sequential break-up reactions. The output from the simulation allows for "truth-level" (i.e. the true values that were generated from the Monte Carlo) momentum vectors for the different reaction products to be generated. These truth level vectors were then passed through a wrapper which simulates the CHIMERA and FAR-COS position and energy resolution which was then fed through the analysis code. As well as verifying the rigor of the analysis code, which requires care in this type of high-multiplicity environment, this also allows for an investigation into the reaction mechanisms seen in the data and the efficiency correction needed to compare to the 7-α decay channels calculated in Section IV B using the Fermi break-up model. It is worth noting that the Monte Carlo simulation only models sequential decay, whereas the Fermi break-up is a single stage decay. The kinematics of the two systems are comparable as both produce an isotropic spray of particles in the center of mass system. There are 11 different decay paths through the αgas states which were used to compare to the data which are tabulated in Table III .
V. EXPERIMENT
By virtue of the high incident energy involved in this experiment, the probability of compound nucleus formation is reduced and other direct reaction mechanisms may Table II showing how modifying the beam energy (160 MeV -green inverted triangles, 280 MeV -red triangles, 400 MeV -blue squares) changes the preference for a different number of break-up particles.
TABLE III. Different decay paths through α-gas type states until the system has decayed to 8 Be or an α-particle. Only the decay of the excited states marked with a star are shown at each subsequent stage.
Label
Path 1 24 Mg +α→ 20 Ne +α→ 16 become prevalent. To separate and quantify the effect of these reactions, the FARCOS detector, due to its low angle and high angular resolution, was used to investigate whether particles hitting this detector originate from a direct reaction or sequential decay. 
A. FARCOS particle yields
The three beam energies show different particle yields (as seen in Figs. 7, 8 and 9), mainly as a result of the differing excitation energy of the compound nucleus due to the change in beam energy. Two-body decays from a higher initial excitation energy are much more likely to produce daughter nuclei with an excitation energy above their particle decay thresholds therefore undergoing secondary decay processes. Additionally, as the energy of the system increases, the phase space for 3 body decays becomes significantly larger. The FARCOS detectors give a (polar) coverage between 2 • and 8 • which allows for the low angle behavior to be investigated where direct reactions are expected to be more dominant. To examine this, one can firstly examine the data taken with a beam energy (E b ) of 400 MeV (Fig. 7) .
These data show a large swathe of particles produced including nuclei heavier than the beam demonstrating these results are not solely due to beam break-up. In particular, the 4 He locus is observed to be extremely strong with large contributions also arising from 12 C and 16 O. By reconstructing the missing momentum, the possibility that these particles originate from a binary fission mode to the ground-state nuclei can be investigated by examining the Q-value for the reaction. As suggested by the Fermi break-up calculations, this mode is not seen in the data apart from a small component for 12 C( 16 O, 10 B) 18 F (with around 1/3 of the measured 18 F reproducing the expected Q-value of -17.7 MeV) and the elastic scattering channel which can clearly be observed where the 16 O scattered beam is labeled in the figure.
The data from the 280 MeV beam energy ( Fig. 8 ) also show a very similar behavior with a strong yield in the α-conjugate nuclei. The beam energy here is insufficient for the reaction products heavier than the beam to be detected by ∆E-E (they are stopped in the silicon 300 µm stage). As with the 400 MeV beam energy data, there is also a small component for the 12 C( 16 O, 10 B) 18 F break-up measured from the 10 B although this corresponds to a much smaller fraction of < 5 × 10 −3 % of the total measured 10 B. Other direct break-up components are also absent in these data.
In the 160 MeV beam energy data ( Fig. 9 ), the degree to which the 4 He yield dominates is largely increased. Despite the lower beam energy meaning that isotopes heavier than carbon cannot be identified using this method, there is a very small contribution from 12 C (< 0.03%) with the yield from 6/7 Li becoming more dominant to constitute ∼ 3% of the total counts.
These results mirror very strongly the predictions from the EHF calculations where the α-decay mode was seen to be more important at the lowest beam energies where the proton and neutron decay modes are "frozen-out" because of the larger Q-value required. The Fermi breakup model also predicted a reasonable contribution for direct 2-body decay at a beam energy of 160 MeV but, as with the higher beam energies, no such decay channel is observed.
In addition to the decay of the compound nucleus, the possibility of these particles originating from the beam break-up was investigated by calculating the Q-value. These Q-value plots also demonstrate that the detected particles do not originate from the break-up of the beam. This is therefore indicative that the observed reaction mechanism is related to a higher multiplicity reaction such as that of sequential decay or direct multi-particle break-up.
VI. CHIMERA PARTICLE YIELDS
As well as investigating the low angle particle yields, the high coverage of CHIMERA can be utilized to provide information about how the yield varies as a function of angle. This can give a much better signature for the dominance of compound nucleus formation which, as mentioned previously, will give an isotropic spray of particles in the center-of-mass. The CHIMERA detector covers from 6 • and the forward rings were used to study how the relative yields change up to 30 • . The results for the three beam energies show the same features. Therefore, only the results for the 400 MeV data are shown in Figs. 10 and 11 where missing telescopes in the CHIMERA rings were corrected for. For the lower beam energies there is a threshold effect observed. This occurs where the nuclei are created with a lower average energy in the compound nucleus decay and therefore may have insufficient energy to pass through the 300 µm silicon stage to be detected using ∆E-E in CHIMERA. No correction is made for this effect. When examining the angular dependence of the non α-conjugate nuclei in Fig. 10 , it can clearly be seen that all the nuclei follow the same behavior with a small decrease in yield with increasing angle. The amount of 4 He measured far exceeds that of lithium, beryllium, and boron which all have roughly the same yields. This similar situation is also mirrored when examining the contributions from the α-conjugate nuclei and their associated excited states are discussed in Section VIII. The 8 Be(g.s) is observed to be measured at a level consistent with the 12 C when reconstructed from 2 α-particles. When the efficiency of measuring both these α-particles (compared to needing to detect only one particle for 12 C rather than reconstructing 8 Be from 2 α-particles), the strength of 8 Be(g.s) exceeds that of 12 C(g.s). Reconstruction of events where 3 αparticles are detected, the strength of contributions from the Hoyle state ( 12 C(0 + 2 )) and a broad contribution at 9.6 MeV ( 12 C(3 − 1 )) also show the same fall-off with angle as the ground state nuclei detected showing the reaction mechanism for their population is common.
The total strength of these yields in CHIMERA were then compared to the predictions from the EHF calculations by normalizing the experimental yield to the mass-4 EHF cross section. The results for this are seen in Figs. 12, 13 and 14 . The influence of the threshold effect can be observed here for the 160 MeV beam energy data ( Fig. 12) where the experimental yield for the heavier mass nuclei is lower than expected for mass 9, 10, and 11 where the TOF PID was not possible. Aside from this discrepancy due to experimental effects, there is a good agreement between the predictions from the EHF and the experimental results for the three beam energies although the yield for 8 Be can clearly be seen to exceed the predictions for all beam energies. When taking into account the reduced efficiency for this path by virtue of needing to reconstruct 8 Be from 2 α-particles, this increase over the sequential decay predictions is even larger showing an enhancement inconsistent with the EHF calculations. This effect has been observed previously in other experiments [36, 37] in the 13 C( 18 O, 8 Be) and 24 Mg( 28 Si, 12 C ) reactions employing charged-particle and gamma-decay spectroscopy in tandem. In the latter of these, the γ-rays associated with 36 Ar were observed corresponding to the removal of 4 α-particles. This 4 α-particle removal was not predicted to be observed in the EHF model for the 52 Fe compound nucleus decay at that energy. Overall, the majority of the reaction products can be seen to originate via the compound nucleus formation. For the 12 C + 16 O exit channel, there will undoubtedly be a component of inelastic scattering and other direct reaction mechanisms which cannot be easily disentangled from the compound nucleus formation. The angular coverage of CHIMERA + FARCOS to large lab angles means that the contribution of this mechanism to the data can be assigned as negligible to the first-order. However, care must be taken to ensure that the origins of any states observed in the α-conjugate nuclei (i.e. did they arise from direct/compound nucleus formation) is taken into consideration to validate the assumptions made in Sec. IV. This will be examined later in Sec. IX where an attempt to understand the reaction mechanism used to generate the events of interest is made. 
VII. MULTIPLICITY OF ALPHA-PARTICLES
It was shown in Section II that an enhancement in the production of α-particles in comparison with that expected from theory is a potential signature of an αgas due to the modification to the Coulomb barrier. The calculations from the EHF code showed a large decrease is expected as the beam energy (and therefore excitation energy of the compound nucleus) is increased. Conversely, the Fermi break-up model showed that as the energy in the system increases, large n-body break-ups are preferred as a consequence of the increased phase space. To firstly demonstrate the compound nucleus description of the reaction was correct, the energy distribution of the α-particles measured in the experiment was examined, the results of which are visible in Fig. 15 . It can clearly be seen that a smooth distribution of energies is seen, a key signature that the mechanism seen is indeed due to compound nucleus formation. Additionally, the discrete peaks predicted from the EHF code in the center of mass are not visible. This is because either because conversion to the lab frame smoothing these discrete peaks or the statistical emission of α-particles having a larger effect than that predicted within the sequential decay framework. There are a few peaks which are visible on top of the broad continuum, most noticeably around 5 MeV, just above the threshold. By separately analyzing these events, it was demonstrated that (despite a larger impurity in the TOF PID around this energy due to the inclusion of particles from previous beam pulses) this increase corresponds to genuine events where particles are produced at backwards angles in the center of mass. As well as observing the distribution of the α-particle energies, the more important probe is that of the αparticle multiplicities. This involves the α-particles observed in FARCOS (via ∆E-E PID) and CHIMERA (via ∆E-E and TOF PID), the results of which can be seen in Fig. 16 . For all three beam energies, a very similar behavior is seen. As the multiplicity increases, the yield decreases by roughly a factor of 10 for each additional α-particle. The full multiplicity events are seen for all beam energies and the data from the 400 MeV beam energy also demonstrate multiplicity 8 events. There are three possible reasons for this extraneous yield: firstly, it is possible that contaminants in the target are also causing a contribution from the 16 O( 16 O, 32 S ) reaction. This is unlikely as any contaminant is expected to constitute a very small percentage of the target and is therefore insufficient to provide the seen level of 8 α-particle events. A second explanation is the impurity of the PID classifying non α-particle events incorrectly as α-particles. At low energies, there is an observed impurity in the TOF PID ( Fig. 3) although as the event multiplicity is increased, the effect of this impurity is decreased therefore suggesting this is not the dominant effect. The final possibility is that event pileup has a small effect sufficient to modify the normalized single event-multiplicity M to the observed raw event multiplicity N in Fig. 16 . By calculating the probability of pileup for a single event, this effect can be removed. The single event-multiplicity M can be related to the raw event multiplicity N by the pileup probability γ pileup by:
The Kronecker delta selects combinations of events of multiplicity i and j that combine to make an event of total multiplicity k. To obtain M from N, a fit was performed with N being a free parameter which effectively inverts Eq. 5. The pileup probabilities are extracted from the cross section given from the EHF code, the beam current used for each beam energy, the target thickness and the cyclotron time period. These probabilities are 4.0 × 10 −4 , 8.0 × 10 −5 and 3.2 × 10 −4 for the beam energies of 160, 280, and 400 MeV respectively. These values are low, albeit sufficient, to reproduce the observed 8 α-particle events for the 400 MeV beam energy. The modification of M from N is very small, particularly for the smaller multiplicities. To compare the experimental multiplicity to the predictions from the EHF and Fermi break-up calculations, the detector efficiency must also be taken into consideration. For a compound nucleus formation, the products are emitted isotropically in the center of mass, therefore, the probability to detect i αparticles in an event where j α-particles are emitted is given by the binomial probability:
with the probability of detection p taking the value of 0.28 which best reproduces the data and is also the solid angle coverage fraction. The single event M is then:
with the elements of the efficiency matrix , being those given in Eq. 6 and M being the true multiplicity. Inversion of the efficiency matrix then gives the true multiplicity as:
The result of this true multiplicity inversion is given in Fig. 17 . This inversion is such that there is no restriction of the elements of M being positive. This only occurs for the 400 MeV data where the multiplicity for 6 α-particles has a small negative value (−2.6 × 10 −3 ). For all beam energies, the multiplicity can be seen to well exceed that predicted by the sequential decay model ( Fig. 4) with the multiplicities peaking around 2 or 3 α-particles with a reasonable fraction of events generating a 7 α-particle final state. The events with 0 α-particles still constitute the largest fraction of events for all three energies. The most important result here is that the multiplicity for the three beam energies show a very similar behavior, far in contrast to the predictions from the EHF which demonstrated a strong dependence on the beam energy.
VIII. RECONSTRUCTION
In order to understand the reaction, the excited states populated during the decay process can be examined. As discussed in Section IV B, a signature of an α-gas state can be extracted from the 7-α break-up channels. Therefore, in events with sufficient multiplicity, the N-α excitation energies were calculated from reconstruction of the N α-particles.
The results from these excitation spectra are separated by the nucleus studied.
A. Beryllium-8
The 2-α excitation function is shown in Fig. 18 where the ground-state energy can be clearly seen at 92 keV (the Q-value of the break-up is omitted here in order to clearly see the ground-state). There is also a broad contribution at ∼ 3 MeV which may be ascribed to the first excited state, a 2 + 1 resonance at 3.03 MeV with a large width of Γ = 1.5 MeV. In order to understand whether this yield is correctly designated as arising from this broad state, event-mixing was used [38] which sought to separate the contribution from correlated and uncorrelated events. Here, the scale of the event-mixed events was set such that the total integral of the spectra were the same. Event-mixing takes particles from different events and merges them into a new event where they pass through the same cuts and reconstruction as the nonmixed data. By taking α-particles from different events, one can therefore understand the importance of uncorrelated events (whether from statistical decay processes from the continuum or from mixing of α-particles from different parent nuclei). This contribution above 2 MeV can be seen to be well reproduced by the event-mixing process demonstrating the contribution from the first excited state of 8 Be is not the cause of this bump. The three beam energies of 160, 280, and 400 MeV all show this identical behavior with the ground-state being well populated and any higher energy bumps described by uncorrelated α-particles.
B. Carbon-12
Taking events where the α-particle multiplicity is greater than or equal to 3, resonances in 12 C can be reconstructed. To further reduce the background, events were taken where 2 of these 3 α-particles can also be reconstructed to form 8 Be(g.s). The results from these two different possibilities are shown in Fig. 19 for the three beam energies. Once again, the results for the three beam energies are very similar. There is a very strong population of two resonances above the triple-alpha threshold. The first of these is at 7.65 MeV which is the well known Hoyle state, a resonance that is of interest as discussed above. This is well populated in all three beam energies and is easily separable from the higher energy peak seen at 9.7 MeV. This peak is much broader than the Hoyle state suggesting this contribution is not solely due to the 3 − 1 state at 9.64 MeV which has a measured width of 48 keV [39] . Using the Monte Carlo simulations to study the expected resolution response as a function of excitation energy (and scaling the expected response to the experimental width of the Hoyle state), the width of this state averaged over the three beam energies is Γ = 600(60) keV. This is a value which is incompatible with the 3 − 1 and may therefore correspond to a contribution from the rotational excitation of the Hoyle state, 2 + 2 , which has been measured to have an excitation energy of 9.75 (15) MeV with a width of 750(150) keV [40, 41] from inelastic scattering experiments. Reanalysis of the photodissociation breakup reaction 12 C(γ, 3α) [42] where the 2 + was unambiguously identified gave a much larger value of 1.6(1) MeV [43] .
As with 8 Be, event-mixing can be used to examine the smooth contribution above these two resonances which shows a shift in excitation energy with increasing beam energy. Figure 20 shows the result of this process indicating the broad contribution can be described by event mixing. While the resonances are not reproduced as one would expect (showing they are due to correlated αparticles), the double humped continuum is well matched by the event mixing contribution apart from a small excess around 25-30 MeV. 
C. Oxygen-16
Following the formulations described for 8 Be and 12 C, taking events with a multiplicity greater than or equal to 4, the excited states in 16 O which decay via the 4α, 8 Be+2α, 12 C(0 + 2 )+α, and 8 Be+ 8 Be channels were examined. While the experimental resolution in this channel is expected to be ∼ few 100 keV (depending on the exact excitation energy and the decay path used to produce it), any strong resonances should stick out above the smooth background. The first two of these decay channels can be seen in Figure 21 . A broad double humped structure can be seen for all the three beam energies (albeit at different excitation energies) in the 4-α channel however no narrow peaks are evident in the data. The bottom part of Fig. 21 shows the excitation function near the 4-α barrier where the counts can be seen to very quickly approach zero around 15 MeV with no obvious enhancement in this region. One would not expect to see any strong 'traditionally' α-clustered states until over the Coulomb barrier at ∼ 18 MeV. To understand the yield around this important area, event mixing was employed to demonstrate the importance of uncorrelated α-particles. Figure 22 shows the event mixing for the 160 MeV beam energy. This can describe the seen distribution extremely well, particularly at lower excitation energies where the smooth decrease in counts towards the 4-α threshold is well reproduced. The second peak in the distribution is not reproduced by this mixing suggesting this corresponds to a correlated contribution to the total excitation spectrum. This is reproduced for all three beam energies suggesting the observed enhancement is not a particularly well populated state but a manifestation of the break-up mechanism as the excitation energy changes with the different beam energy.
To better understand the role of the continuum against genuine 4-α resonances, the 12 C(0 + 2 )+α and 8 Be+ 8 Be paths were also investigated where the contribution from mismatching and uncorrelated α-particles is expected to be greatly reduced. The results from this can be seen in The event-mixing describes the majority of the structures seen apart from the secondary peak in the data and the shape of the high energy tail. Fig. 23 . In these decay channels, evidence of structure starts to manifest. For the data from beam energies of 160 and 400 MeV, there is evidence of a broad structure around 19 MeV in the 12 C(0 + 2 )+α decay channel. This region corresponds to well known states which have been demonstrated to have a reasonable strength in several reactions employing different population methods [44] . The resonance, which has a possible 6 + spin-parity assignment [45] , may therefore be preferentially populated by the (2J + 1) spin dependency of the cross section. Additionally, there is evidence of a broader component at 23-24 in the data from the 280 and 400 MeV beam energies. The statistics above the background here are bolstered by the occurrence of peaks at the same excitation energy with two different beam energies which provides an increased statistical significance. Therefore, there is evidence of population of resonances (or most probably a collection of resonances which cannot be experimentally resolved) in addition to the dominance of the noncorrelated α-particles which constitute the larger fraction of the total 4-α events.
D. Neon-20
When increasing the size of the N-α system, the reduction in the significance of resonant states as well as the dominance of uncorrelated α-particles and the continuum is noticeable. By examining the 5-α events corresponding to 20 Ne in Fig. 24 , it is apparent this trend continues. The low excitation energy region for 20 Ne demonstrates a difference from the previously investigated nuclei however. The yield near the 5-α threshold at 19.2 MeV is not present. This region is (as with the 15-18 MeV region in 16 O) below the Coulomb barrier, hence, the yield extends no lower than ∼ 24 MeV, a result consistent with previous experiments of the 5-α channel where the lowest energy state seen was at 24.5 MeV in the 16 O(α, 12 C(0 + 2 )) 8 Be channel [46] . Calculations from the EHF showed a large population was expected in this region suggesting the quenching of the 5-α decay channel for states in this region, instead preferring other decay paths such as 16 
The decays via highly clustered (potential α-gas) decay channels, e.g. 12 C(0 + 2 )+ 8 Be, also mirror this result with only a small fraction of the 5-α events belonging to this decay channel. The excitation energy for this decay path can be seen in Fig. 25 . The 160, 280, and 400 MeV data show a possible broad contribution from one or several states around 38 MeV matching a doublet of states seen previously [47] although the statistics are limited here. An additional possible state is visible (in the 160 MeV data only) with an energy of around 50 MeV. There is also a much larger contribution from higher excitation energies outside of these peaks which is perhaps indicative that the 12 C(0 + 2 ) and 8 Be do not originate mainly from the decay of the 20 Ne system but instead arise from separate sequential decay stages or from a multi-particle break-up as described by the Fermi break-up model. The three excitation functions for the different beam energies can be seen to essentially be a stretching of the 160 MeV structure to higher energies corresponding to a larger phase space.
IX. ORIGIN OF α-CLUSTERED STATES
In order to better understand the reaction mechanisms which generate the observed α-clustered states, it is important to study where these resonances originate from. To do this, the role of the two-body break-up of the compound nucleus can be studied to understand the possible role of direct reactions. By reconstructing the missing momentum following the measurement of a given αconjugate state, the Q-value for the reaction can be examined. These will be briefly discussed for each nucleus.
A. Origins of beryllium-8
By selecting events where 2 α-particles can be reconstructed to form 8 Be(g.s) and then using the missing momentum to form 20 Ne, the total Q-value for the reaction is calculated. For a simple binary decay from the compound nucleus, the difference between the expected Qvalue and the observed Q-value is therefore due to the excitation energy of the 20 Ne which can therefore be observed without measuring its decay. For ease of visualization, the negative Q-value is plotted so excitation energy is congruent with the Q-value. The results for this are shown in Fig. 26 . An obvious path that would be a strong signature of α-condensation here is evidence of a peak at ∼ 20 MeV, corresponding to an α-gas state in 20 Ne (which are predicted to exist just above the N-α breakup thresholds). As discussed above, a good signature that a state is an α-condensate states is the decay into two sub-units which are also α-condensates. Such an enhancement is clearly absent for the three beam energies which show an extremely similar form for the different energies albeit translated by virtue of the modification to the initial beam momentum. Such results are highly indicative that there is no 
B. Origins of carbon-12
It was demonstrated in Section VIII B that a large number of the observed 8 Be(g.s) events corresponded to the decay of states in 12 C, therefore, examination of the Q-value to study the binary fission mode 12 C + 16 O (which is also shown to be dominant in the EHF calculations) may indicate a large fraction of the 12 C(0 + 2 ) and 12 C(3 − 1 ) originates from this decay mode. One may also determine the amount of inelastic scattering (where the beam is left in its ground state) in this way. The results of the (negative) Q-value from reconstructing the missing 16 O from measuring the Hoyle state from 3 α-particles are shown in Fig. 27 . For the three beam energies, two components can be seen. The lowest component is a broad peak centered around 0 MeV with a width of 1.2 MeV for the 160 MeV beam energy data but increasing to 12 MeV for a beam energy of 400 MeV. For the 400 MeV data in particular, this lower energy component can be seen to correspond well with the clustered 4-α yields seen in Fig. 23 which terminate around 40 MeV. This is therefore highly indicative of a 12 C(0 + 2 )+ 16 O component to the compound nucleus decay or alternatively a contribution from inelastic scattering. These events are clearly a small fraction of the total events in the plot for each beam energy therefore show that (even if all of these events are inelastic scattering rather than compound nucleus decay) the direct contribution is small in comparison to the other observed paths. The events that lie in the secondary peak, which has a smoothly increasing structure followed by an abrupt drop-off (at the largest value seen for each beam energy), correspond to paths which are not 12 C(0 + 2 )+ 16 O and therefore cannot be inelastic scattering. These have a form well reproduced by Monte Carlo simulation of other reactions paths such as the sequential α-decay via 24 Mg, 20 Ne, 16 O, 12 C(0 + 2 ) or multiparticle break-up.
The same formulation can be used to study the mechanism of 12 C(3 − 1 ) formation, as shown in Fig. 28 . The form is extremely similar to that seen for the Hoyle state albeit with a slightly smaller component corresponding to the direct decay and a larger component from more sequential paths. There is, despite being slightly weaker than the 12 C(0 + 2 )+ 16 These data therefore match the EHF calculations which predict a large 12 C + 16 O strength. There is no evidence of the predicted 15.1 MeV α-gas state [48] in the data as measured from the 12 C(0 + 2 ) and a large portion of the seen 12 C(0 + 2 ) and 12 C(3 − 1 ) events do not originate from binary scission but instead arise from more sequential decays or multi-particle break-up.
C. Origins of oxygen-16
While there are only a few resonances (although none of them near-threshold) in 16 O observed in the 4-α breakup channel (and their contributions are weak), the same formulation can still be applied to the 4-α states observed to examine the two-body break-up contribution. Rather than selecting events within a certain excitation range in 16 O, the excitation energy in 16 O in the 4α channel was plotted against the (negative) Q-value to give an indication of the excitation energy present in 12 C. This is shown in Fig. 29 for the three beam energies. For the 400 MeV data, an enhancement can be seen corresponding to the 12 C(0 + 2 )+ 16 O(50 → 90 MeV) and 12 C(14 MeV)+ 16 O(50 → 90 MeV) where the excitation energy projection between the red lines can be seen in Fig. 30 . While the resolution and statistics are limited so as not to allow for a more precise breakdown of the contribution of states here, there is some evidence of resonances populated in this region. This enhanced yield is also visible in the 280 MeV beam energy data although the statistics are limited here that a definite assertion cannot be made. Examination of the 160 MeV beam data shows no significant peak here, partially due to the obscuring of the signal by the strong diagonal seen at all three beam energies which can be ascribed to non 12 C + 16 O break-up. This agrees with the previous con-clusion that the secondary peak in 16 O was not described well by event-mixing demonstrating it had a correlated α-particle component.
The majority of events for 16 O are seen to lie on the diagonal loci in Fig. 29 where, as verified by the Monte Carlo simulation, contributions from non-binary decays of 28 Si lie involving multi-particle breakup and sequential decay. This also suggests that the contribution of inelastic scattering is not dominant over compound nucleus formation in this experiment for all beam energies. 
D. Origins of neon-20
The EHF calculations also expect a large decay path via the intermediate α-decay from 24 Mg to 20 Ne. To verify this conclusion, the missing 8 Be can also be re- constructed from the measured 20 Ne from the decay to 5 α-particles. Agreeing with the previous results, Fig. 31 shows the results of this where the expected Q-value is not seen in the data for any of the three beam energies. Additionally, there is no component corresponding to higher excitations of 8 Be. This demonstrates these 5α events either originate from sequential decay through 24 Mg or from multi-particle break-up, both of which correspond to a Q-value not located along the expected Qvalue labeled on Fig. 31 8 Be from the measured 20 Ne from 5 α-particle events.
E. Origins of magnesium-24
The excitation energy spectrum for 24 Mg shows no resonances in any determinable channel (6-α, 12 C(0 + 2 ) + 12 C(0 + 2 ), 8 Be + 8 Be + 8 Be) with the primary decay mode being sequential α-particle emission from 28 Si to the continuum. Taking multiplicity 6 events and reconstructing for a missing α-particle, the Q-value can be formulated, the results of which are seen in Fig. 32 .
To verify that the 6 α-particles measured correspond to a complete 7-α decay, the majority of events lie around the expected Q-value showing the majority of these multiplicity 6 events are multiplicity 7 events with the final α-particle being undetected. This matches well with the EHF calculations which demonstrated the multiplicity 6 yield is expected to be very small by virtue of the need to break apart an α-particle (only becoming more common at a beam energy of 400 MeV, agreeing with the result seen here). This also demonstrates the multiplicity 6 events seen are genuine and not a result of pileup, matching well with the work in Section VII. 
X. EXPERIMENTAL SIGNATURES RESULTS
The dominance of the uncorrelated α-particles, particularly in the heavier N-α systems and the emergence of the near-threshold resonant states in 12 C and 8 Be where the known N-α structures appear, can be understood from the data. Aspects of the decay can be well described by sequential α-decay predominantly through 24 Mg or by multi-particle break-up as demonstrated by Fig. 32 . The EHF predictions for such a sequential α-decay model however demonstrate that the predicted multiplicities are inconsistent with the experimental data and the Fermi break-up model better describes the higher multiplicities seen via multi-particle break-up. An important signa-ture of α-condensation is the equivalency of the different decay paths into α-gas substructures. Taking this, the phase spaces for the different partitions can therefore be ascribed an equal transition probability so the experimental yields can be directly compared to these phase spaces. To account for the experimental effects, most notably the efficiency, the different final states from the Fermi break-up model were efficiency-corrected using the Monte Carlo code to give a predicted experimental yield for the 7-α final state. The comparison between these predictions and the experimental data is shown in Table IV.
A. Comparison of 7-α events with Fermi break-up predictions
As the beam energy increases in the Fermi break-up calculation, the dominant decay modes change as the energy dependency becomes more important than the permutation factor for the 8 Be+5α (VII) path. This decay mode is suppressed by a factor of (5! = 120) in comparison to the 12 C(0 + 2 )+ 8 Be+2α (III) path which only has a suppression factor of 2. A similar situation can be seen for the 7α-particle (VIII) decay which, while a 7-body decay, has a high power dependence on the energy, is suppressed by a factor of (7! = 5040). The lower beam energies therefore correspondingly favor a small n-body decay.
It is apparent from Table IV that the decay modes seen experimentally for E b = 160 MeV heavily favor the 8 Be + 8 Be (VI), single 8 Be (VII) and 7-α (VIII) decay modes far in excess of those predicted theoretically. Part of this discrepancy can be attributed to modeling additional excited states in 12 C above 7.65 MeV. While these states will have an increasingly reduced phase space as a consequence of the decrease in the kinematically available energy, they may also have a large spin component which partially compensates this effect as in Eq. 3. This angular momentum consideration and all aspects of penetrability are omitted in the Fermi break-up model. A large phase space to higher excitations in 12 C would therefore manifest itself as replacing the 12 C(0 + 2 ) strength with 8 Be + α and 3-α strength. Repositioning the branching ratio from the 12 C(0 + 2 )+ 8 Be and single-12 C(0 + 2 ) to these decay modes (i.e. III and IV move to VI and VII) then creates a better agreement with the experimentally observed data. It is not possible to include these additional contributions in the calculations as one cannot be certain of the density and spin of states once one enters the continuum. Additionally the transition matrix elements may start to deviate drastically from the constant value used under the assumption of an α-condensate [24] .
An additional explanation for the discrepancy between the experimental and theoretical values is that the Hoyle state is not well described as an α-condensate and as such, the transition matrix to break-up into the Hoyle state and α-condensed systems is reduced or the mecha- nism is better described by a series of sequential decays rather than a direct break-up into constituent α-particles. This latter explanation has been demonstrated to be unlikely as the experimental data suggest a reaction mechanism that differs from the EHF calculations due to the measured α-particle multiplicities and the disagreement over the strength of binary scission modes which were shown to be extremely weak experimentally. The reaction mechanism has been demonstrated to be described well by aspects of both the Fermi break-up model and the statistical decay model showing the importance of both of these decay paths. The 280 and 400 MeV data show a very similar pattern to those at 160 MeV albeit with a movement of strength in the 8 Be+ 8 Be (VI) channel to the 7-α channel (VII). Even directly assigning the strength from the channels with excitations in 12 C to the 7-α path, the strength is still in excess of that expected. This suggests that some of the yield seen in the single 8 Be is therefore also sent to the 7-α channel. This could perhaps be by virtue of populating higher excitations in 8 Be (i.e. the 8 Be(2 + 1 )) where limited statistics and resolution mean this contribution is difficult to observe although there is no evidence of such a strong contribution in the data. Again, this channel is difficult to calculate as the assumption of an identical transition matrix is no longer valid.
Overall, the Fermi break-up description can be seen to show a reasonable agreement with the experimental data provided the points above regarding modeling additional higher excitations are taken into consideration.
B. Decay mechanisms
By modeling the decay processes via sequential decay using the EHF and modeling multi-particle break-up with the Fermi break-up model, the experimentally observed α-particle multiplicities are seen to be in greater agreement with the Fermi break-up model. This can also be seen by the consistency of the population of the reso-nances in 12 C (Fig. 19) where as in Fig. 5 , as the beam energy increases, the EHF code predicts the dominance of sequential α-particle emission rather than the population of discrete states. Additionally, the relative agreement between the 7-α channels discussed above in Section X A with the discussed improvements to the model demonstrate the α-particle decays are mainly driven by the multi-particle break-up decay mode. The sequential decay model does however have some success in describing the binary fission products extremely well and a lack of describing the importance of light cluster emissions in the form of 8 Be and 12 C(0 + 2 ) (which are shown to be very important in the Fermi break-up model) means this model fails to describe the high α-particle multiplicity features seen experimentally. There is no evidence of an enhancement in the α-gas multiplicity compared to those predicted by a non α-condensate state. Previous investigations [21] which have stated such an enhancement over that predicted from the statistical decay processes require further examination and theoretical input into the exact decay mechanisms which incorporate many-particle break-up effects and light α-conjugate cluster emission (i.e. 8 Be).
C. Measurement of near-threshold states
Another key signature of α-gas states is a highly clustered near-threshold state. While the previously-known highly clustered states were seen in 8 Be and 12 C, no enhancement was seen in 16 O. This absence may be largely due to the decay mechanisms associated with such a state. The predicted energy of an α-gas state in 16 O is 15.1 MeV (0 + 6 ) however the proximity of this state to the 4-α threshold at 14.44 MeV means that the preferential decay is via the α 0 and α 1 decay paths with the α 2 "signature-decay" having a predicted branching ratio of ∼ 10 −9 [49] . This calculation omits any modification to the Coulomb barrier by the mechanisms discussed in Section II, but, however, demonstrates this state cannot be observed in the 4-α decay channel in the current experiment. Instead, this state was investigated by looking for the decay of the compound nucleus 28 Si into 12 C(0 + 2 )+ 16 O(0 + 6 ) by measurement of the Hoyle state and reconstructing the 16 O where the decay mode is no longer inhibitive. Figure 27 showed no such state populated in connection to the Hoyle state. Additionally, there was no evidence of resonant structure in the 12 C(g.s) + α excitation function demonstrating such a state is not well populated in this type of reaction despite the beryllium-8 ground state, the Hoyle state and its (possible) rotational excitation all being clearly visible above the continuum contribution.
In 20 Ne, a quenching of the 5-α strength was clearly evident in proximity to the 5-α barrier in agreement with previous experiments. This can be attributed to the dominance of the 16 O + α decay channels here mirroring the situation in 16 O where such a near-threshold state cannot be detected in the 5-α decay channel until one is well over the Coulomb barrier (∼ 24 MeV). Indirect measurement of this state via measurement of 8 Be(g.s) and reconstruction of 20 Ne also demonstrated no increased yield above the 5-α threshold where such a state would be expected to manifest and the limitations of measuring the characteristic 5-α decay are not required.
XI. SUMMARY
In summary, the reaction mechanism of the 12 C( 16 O, 28 Si ) channel was studied at three beam energies of 160, 280, and 400 MeV. This experiment was performed to search for α-gas states in 12 C, 16 O, 20 Ne, 24 Mg and 28 Si. No such states were found for systems heavier than 12 C. In the case of heavier isotopes, there were various reasons discussed in this work in detail which could have obscured the observation of those states. While the Hoyle state ( 12 C(0 + 2 )) is the best candidate for such an α-gas state (from theoretical predictions), following other recent experiments (e.g. of the direct 3α-decay of the Hoyle state [50, 51] ), we can conclude that although theoretically this state fits well with an α-gas description, experimentally it appears that the underlying fermionic structure of the α-particles is sufficient to prevent this α-gas nature and none of the expected signatures for α-condensation were seen in the current analysis.
This type of high-energy reaction requires input from multi-particle breakup models to describe the observed α-particle multiplicities which are in excess of those predicted from Hauser Feshbach calculations. The enhancements are not sufficient however to support the observation of α-condensate states.
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